ABSTRACT: Identifying the key determinants of benthic predator distributions is crucial in understanding the dynamics of predator and prey populations in intertidal environments. In this paper, we assessed the roles of predator morphology, prey availability and competition in determining the distribution of an important benthic predator, the shore crab Carcinus maenas (L.). The abundance of shore crabs at high tide on 3 intertidal mudflats in the Dutch Wadden Sea was assessed in relation to distance to the nearest gully, size, sex and colour of the crabs. Furthermore, food availability (bivalves, crustaceans, polychaetes) in the sampling sites was measured. Half of all crabs were found in the gullies adjacent to each mudflat, where the abundance of a prey species (the large brown shrimp Crangon crangon) was also highest. The spatial distribution of crabs between the gullies and the mudflats depended in an interactive way on the colour morph and sex of individuals. Comparing observed distributions of crabs with those predicted from a recently developed ideal free distribution model showed that crabs did not distribute themselves optimally in terms of maximising food uptake and minimising the strength of competition from conspecifics. The results highlight the yet underrated role of shore crabs as a potentially important predator of shrimps, and the need to incorporate morphological characteristics and different prey types into ideal free distribution models to test the optimal foraging behaviour of benthic crabs.
INTRODUCTION
The patchy distribution of individuals in marine benthic environments can be related to variation in environmental conditions (Vernberg & Vernberg 1983) , morphological characteristics of predators (Styrishave et al. 2004) , and biological interactions such as competition (Whittaker & Levin 1977) . For example, predators may lose prey items to competitors or waste time in aggressive interactions, resulting in decreased feeding rates. This poses a challenge for foraging predators to maximise food uptake while minimising the negative effects of competition. Identifying the key determinants of benthic predator distributions is crucial in understanding the dynamics of predator and prey populations in marine environments. In this paper, we assessed the role of predator morphology, prey availability and competition in determining the distribution of an important benthic predator, the shore crab Carcinus maenas (L.).
The shore crab occurs abundantly along European Atlantic coasts and estuaries, and has invaded the North American Atlantic coasts (Berrill & Arsenault 1982) and some areas in southern Africa, Australia and the Pacific coast of North America (Cohen et al. 1995) . The local occurrence of shore crabs varies with habitat characteristics such as tidal regime and water depth, and depends on their size, sex and colour. Generally, males are more migratory than females, and green crabs, which are in early or normal intermoult, are more migratory than red crabs, which are in prolonged intermoult (Crothers 1968 , McGaw & Naylor 1992 , Warman et al. 1993 , Aagaard et al. 1995 . Red crabs are competitively stronger than similarly sized green crabs (Kaiser et al. 1990 ), but this is achieved at the expense of lower physiological tolerance, as green crabs are more resilient to environmental extremes (McGaw & Naylor 1992 , Reid et al. 1997 , Styrishave et al. 2004 ) and can therefore exploit more foraging areas than red crabs.
We studied the spatial distribution of shore crabs on 3 intertidal mudflats in the western Wadden Sea (The Netherlands) where we sampled shore crabs and their prey: bivalves, polychaetes and crustaceans (Afman 1980 , Pihl 1985 , Ansell et al. 1999 . Since morphology influences the distribution of shore crabs, we scored their sex, size and colour. Because shore crabs undertake long feeding migrations from the gullies to foraging areas on the adjacent mudflat (Hunter & Naylor 1993) , we incorporated the gully-mudflat distance into the sampling design. With this field study, we aimed to assess the relative importance of crab morphology and prey availability in different feeding areas in determining shore crab distributions. Furthermore, we applied ideal free distribution (IFD) theory to the field data to test if crabs distributed themselves optimally in terms of balancing competition from conspecifics and feeding opportunities in different feeding areas. IFD theory assumes that animals have perfect knowledge of feeding areas (ideal), and that they are free to move to the area that maximises food rewards (Fretwell & Lucas 1969) . Animals will then distribute themselves such that no individual can improve its feeding rate by moving to another area. IFD theory has been successfully used in the field to understand the way animals distribute themselves (Bautista et al. 1995 , Milinski et al. 1995 , Alonso et al. 1997 ). To formulate ideal free predictions of the distribution of crabs, we used the 2-phenotypes interference model (Smallegange & van der Meer 2009) . This model gives the expected per capita feeding rate for dominant and subordinate competitors as a function of prey density and competitor type and density, and is based on laboratory observations of foraging shore crabs (Smallegange et al. 2006 , Smallegange & van der Meer 2007 . The 2-phenotypes interference model assumes that predators forage on a single prey type. In our IFD tests, we focused on 2 prey categories. Up to 50% of the diet of shore crabs in the Wadden Sea consists of brown shrimps Crangon crangon (Afman 1980) ; hence, this was our first prey category. The second prey category was infauna, which consisted mainly of bivalve prey species. The IFD tests (1) compared the observed with the predicted distributions of shore crabs, and (2) tested whether the expected feeding rates of crabs (calculated using the field data) were in line with ideal free predictions.
MATERIALS AND METHODS
Sampling sites. The 3 intertidal mudflats in the study area (Balgzand, Ballastplaat and Waardgronden) are located in the western Dutch Wadden Sea (Fig. 1) . Each tidal flat was adjacent to a major gully and was 0 to 1.2 m above mean low-water spring tide. On each tidal flat, 3 transects were established perpendicular to (Fig. 1) . The position of each transect was randomly selected. Perpendicular to each transect, samples were taken in the gully and on each tidal flat at 5 distances from the gully: 0 (on the rim of the gully), 100, 600, 1100 and 1600 m away from the gully. We chose these specific locations to cover the foraging range of shore crabs: at low tide, adult shore crabs (> 35 mm carapace width, CW) retreat to deeper waters such as gullies, whereas juvenile shore crabs (< 35 mm CW) burrow on the tidal flats (Hunter & Naylor 1993) . At high tide, adult shore crabs move from the gullies onto the tidal flats to forage and can make return journeys of 400 m to 1 km (Crothers 1968 , Dare & Edwards 1981 . Samples were taken starting at 1.5 h before to 1.5 h after high-water spring tide. Since sampling was conducted during spring tide, the tidal flats had been completely exposed during low tide, ensuring that all adult crabs on the tidal flats had migrated there in the last 6 h (Hunter & Naylor 1993) . Samples were collected on June 8 (Balgzand), July 5 and 6 (Ballastplaat), and July 8 and 21 (Waardgronden), 2004. Shore crabs prefer to forage at night (Afman 1980 , Ansell et al. 1999 ), but sampling was done during daytime for logistical reasons. We assume, however, that a sufficient number of crabs still forages during the day, allowing us to draw conclusions on their spatial distribution in relation to prey availability. Sampling methods. Shore crabs feed on bivalves (such as the mussels Mytilus edulis, cockles Cerastoderma edule and sand gapers Mya arenaria; Reise 1985 , Sanchez-Salazar et al. 1987 , van der Veer et al. 1998 , polychaetes (Ansell et al. 1999) , and crustaceans (mainly brown shrimps; Afman 1980 , Pihl 1985 . At each sampling site, we sampled both shore crabs and their prey (shrimps, other crustaceans, bivalves, and polychaetes). Samples of shore crabs and shrimps were collected in the gullies by towing a 2 m beam trawl (mesh size 5.5 mm) over a distance of 50 m, and on the tidal flats by towing a 1 m beam trawl over a distance of 100 m (mesh size 5.5 mm). The exact length of each haul was recorded using a measuring wheel that was attached to the beam trawl. A day after collection, shore crabs were sexed and the colour of their abdomen was determined using a colour index ranging from green (1) to shades of yellow and orange (2-9) to red (10) (Lee et al. 2005) . Shore crabs were sized to the nearest 5 mm according to their CW. For the analyses, crabs were categorized in 2 colour and 2 size classes: either green (colour codes 1-5) or red (colour codes 6-10) and as juveniles (CW between 10 and 35 mm) or adults (carapace width > 35 mm). Crabs <10 mm were excluded from the analyses because the catch efficiency for crabs of this size was too low to provide accurate abundance estimates (H. W. van der Veer unpubl. data). Shrimps were frozen after collection and later sized to the nearest 5 mm and assigned to 1 of 2 size classes: 0-25 mm carapace length and 25-65 mm carapace length. Shore crab and brown shrimp abundances were expressed in no. per 100 m 2 . Immediately after epibenthic sampling, 3 box corer (15.6 cm diameter, 20 cm depth) samples were taken twice (to reduce variability) at each sampling location in the gully, and 5 corer (16.6 cm diameter, 20 cm depth) samples were taken twice at each sampling location on the tidal flats for analyses of the infauna. Samples were sieved (mesh size 1.1 mm), placed in plastic bags and maintained in a refrigerator for < 24 h. The day after collection, the infauna in the samples was sorted to species level or coarse taxonomic groups, and only the infauna that was potential prey for shore crabs (Table 1 ) was processed. The selected infauna was dried for 3 d in an oven at 60°C and incinerated at 550°C for 2 h to determine ash-free dry mass (AFDM). Shells of bivalves were removed prior to determining the AFDM.
Data analysis. Using redundancy analysis (RDA), we related the composition of the shore crab population to variation in the environment. Shore crab abundances (no. per 100 m 2 ) were split into 8 classes based on life stage (juvenile, adult), sex (male, female) and colour (green, red). The environmental variables used were distance from the gully (0, 3, 100, 600, 1100 and 1600 m) and prey availability (abundance of infauna, g AFDM m -2 ; and abundance of brown shrimps, no. per 100 m 2 ). Due to the presence of 0 observations, the abundances of shore crabs, brown shrimps and infauna were log(1 + value)-transformed. An assumption of RDA is that crab abundances increase monotonically with increasing values of the environmental variables. We assumed this to be the case, especially with respect to the prey variables. The analysis and graphical displays were performed in Canoco 4 (ter Braak & 2milauer 1998).
Using univariate split-plot analyses, we investigated how the abundance of shore crabs, shrimps, and infaunal density varied between and within tidal flats. The basic statistical model of each analysis included transects as plots, tidal flat (TF, 2 df) as an among-plots factor and distance from the gully (D, 5 df) as a withinplots factor. To analyse shore crab abundance (no. per 100 m 2 ), we added the within-plots factors sex (Se, 1 df), colour (C, 1 df) and body size (Si, 1 df) to the basic model. To analyse shrimp abundance (no. per 100 m 2 ), the within-plots factor body size (Si, 1 df) was added to the basic model. Abundances were log-transformed to conform with the normality assumption of ANOVAs, and analyses were performed in Systat 10 (SPSS). Logtransformed shore crab abundances violated the normality assumption; therefore, a permutation approach was used to obtain significance levels (Manly 1997) . A total of 1000 random permutations of all observations were generated and each time, the analysis was performed as a complete data analysis (in MatLab 6.5). The F-value obtained using the observed data was compared with the 95% point of the distribution of F-values obtained from the random permutations, which we refer to as the critical F-value.
RESULTS

Shore crab abundance and environmental variation
The first and second RDA axis, respectively, explained 20 and 1% of the total variance in the shore crab abundance data. The first RDA axis was mainly due to a gradient in large shrimp abundance (correlations between first axis and infauna, small shrimps, large shrimps and distance were -0.24, -0.55, 0.81 and -0.52, respectively), while the second axis was mainly due to a gradient in small shrimp abundance (correlations between second axis and infauna, small shrimps, large shrimps and distance were -0.21, -0.72, -0.52 and -0.61, respectively). No precise inferences could be made for red juvenile males and green adult females as their location in the ordination diagram was too close to the origin (Fig. 2) . The abundance of adult crabs and green juveniles of both sexes correlated positively with the abundance of large shrimps (inferred from the narrow angles between the large shrimps arrow and the adult crab and green juvenile lines; Fig. 2 ). The abundance of adults and red juvenile females correlated negatively with that of small shrimps and distance on the mudflat (inferred from the wide angles between the small shrimps and distance on mudflat arrows and the adult crab and red juvenile female lines; Fig. 2 ). The abundance of red juvenile females showed a weak positive correlation with the abundance of large shrimps.
Variations in shore crab abundance between and within tidal flats
The statistical model contained 5 factors and therefore many interactions. Several main effects, 2-and 3-way interactions were significant (Table 2) . Results were interpreted from the highest order interaction down to the main effects.
Overall, shore crab abundance was highest in the gully adjacent to each tidal flat. However, crab abundances on the tidal flats differed between the sexes and between tidal flats (significant interaction D × Se × TF; Table 2 , Fig. 3 ). On Balgzand, more females than males were present in the gully. Their abundances on the tidal flat did not differ and were generally lower in the gully except for a peak at 600 m from the gully. In contrast to the gully on Balgzand, more males than females were present in the gully on Ballastplaat, but both decreased in abundance with increasing distance from the gully. On Waardgronden, the difference in the distribution patterns of males and females was less pronounced: their abundance was highest in the gully and decreased with increasing distance from the gully, although the abundance of females increased again at 1600 m from the gully. Despite these subtle differences in how males and females were distributed on the tidal flats, the general pattern was that on Ballastplaat, and to a lesser extent on Waardgronden, the abundance of males was higher than that of females, whereas the abundance of females was higher than that of males on Balgzand (highly significant interaction Se × TF). On Balgzand, the abundance of males and females showed a peak at 600 m from the gully (Fig. 3) . This peak was mainly due to the high abundance of juvenile crabs at this location, whereas the abundance of adults showed little variation with increasing distance from the gully. On Ballastplaat and on Waardgronden, juveniles and adults were distributed in a different manner (significant interaction D × Se × TF; Table 2 , Fig. 3 ). On Ballastplaat, the abundance of juveniles decreased and then increased again with increasing distance from the gully, whereas the abundance of adults decreased with increasing distance from the gully. On Waardgronden, the abundance of both juveniles and adults decreased with increasing distance from the gully. Despite these differences in the distribution patterns between juveniles and adults on the tidal flats, the fact that the interaction Si × TF was highly significant indicates that the difference in abundance between juveniles and adults was nevertheless much higher on Balgzand than on Ballastplaat or Waardgronden. Since the interactions Se × Si and Se × Si × TF were not significant, the aforementioned patterns were probably the same for both males and females.
For the 2 colour groups, i.e. crabs that were green(ish) and those that were red(dish), abundance differed with distance from the gully and these distribution patterns in turn differed between males and females (significant interaction D × Se × C; Table 2 , Fig. 3 ). Both the abundances of green and red males decreased with increasing distance from the gully. The abundance of red females also decreased with increasing distance from the gully, yet the abundance of green females first decreased and then increased with increasing distance from the gully. Furthermore, the difference in the abundances of green and red crabs was greater for males than for females (highly significant interaction Se × C). The latter interaction also differed between tidal flats (significant interaction Se × C × TF; Table 2 , Fig. 4 ). On Balgzand, fewer green females than green males were present, whereas the abundance of red females was higher than that of red males. On Ballastplaat, more green males than green females were present, but the abundance of red males and females did not differ. On Waardgronden, more green than red crabs were present and this applied to both sexes. also differed between juveniles and adults. The difference in the abundances of green and red crabs was greater for juveniles than for adults (highly significant interaction C × Si). The latter interaction, again, also differed between tidal flats (significant interaction D × Se × TF; Table 2 ). The abundance of green crabs was highest on Balgzand, which was mainly due to the high abundance of green juveniles relative to that of red juveniles, whereas there was no difference in the abundances of green and red adults. A similar but weaker pattern was evident on Ballastplaat. On Balgzand and Ballastplaat, the abundances of red juveniles and red adults were similar, but more red adults than red juveniles were present on Waardgronden. On all tidal flats, more green juveniles than green adults were present (Fig. 4) . The abundances of green and red crabs not only varied between males and females (significant interaction 148 Fig. 3 . Carcinus maenas. Abundances in relation to distance from the gully. The top 6 panels show this relationship as observed on each tidal flat for males and females (left), and for juveniles and adults (right). The bottom 2 panels also show this relationship as averaged over all tidal flats for green and red males (left) and females (right). Vertical lines: SE bars Se × C), but also between juveniles and adults (significant interaction Se × C × Si; Table 2 , Fig. 4 ): the abundance of green juveniles was higher than that of red juveniles, both for males and females. However, the abundance of green adult males was higher than that of red adult males, whereas the abundance of green and red adult females did not differ. The interaction C × Si was very significant, which revealed for both 3-way interactions D × Se × TF and Se × C × Si that the difference in green and red juveniles was much larger than the difference in green and red adults.
Brown shrimps and infauna: variation in abundances
On each tidal flat, the abundance of small shrimps increased with distance from the gully, whereas the abundance of large shrimps was highest in the gully and decreased with distance from it (significant interaction D × Si; Table 3 , Fig. 5 ). The significant main effect Si (Table 3) indicates that on average there were more small shrimps than large ones. The distribution of shrimps was similar across the 3 tidal flats (insignificant effect of TF; Table 3 ). The density of infauna was higher on Ballastplaat than on Waardgronden and Balgzand (Table 3 , Fig. 5 ). On all tidal flats, the density of infauna increased with increasing distance from the gully (Table 3 , Fig. 5 ).
Ideal free distribution tests
Ideal free distribution model
We used the 2-phenotypes interference model (Smallegange & van der Meer 2009 ) to derive ideal free predictions. Adult crabs were assigned to the class of dominants, and juveniles to the subordinates class.
Briefly, the model essentials are as follows: dominants and subordinates can be in one of the following behavioural states: searching for food, handling food, or interfering with others. Interference consists of threatening, avoiding, fighting and being vigilant (only towards equal competitors). Dominants only interfere with other dominants; subordinates suffer interference from other subordinates and from dominants. Interference occurs while searching or handling, but handlers do not interfere with other handlers. The specific transition rules between the different behavioural states are captured in a set of 5 ordinary differential equations (Supplement 1, available at: www.int-res.com/articles/suppl/m392p143_app. pdf). The expected per capita feeding rate (W) of dominants and subordinates is derived from these equations (Supplement 1) as:
( 1) For both adults and juveniles, where P is the number of adults or juveniles at the different sampling sites (no. m -2 ), D is the prey density at Table 3 . Crangon crangon and infauna. ANOVA of (logtransformed) abundance. Values in bold: p < 0.05 . (a) On all tidal flats, the abundance of small brown shrimps (j) increased with increasing distance from the gully, whereas the abundance of large brown shrimps (r) was high in the gully, but lower on tidal flats. (b) The density of infauna increased with increasing distance from the gully on all tidal flats. (c) On average, the density of infauna was higher on Ballastplaat than on Balgzand and Waardgronden.
Vertical lines in all panels: SE bars the different sampling sites (no. m -2 ), λ is the inverse of the time spent handling a prey item, ϕ is the inverse of the time spent interfering, ξ/ζ is the interference area, ν is the searching efficiency, and µ is the rate of predator discovery. For adults, , while for juveniles, where P A is the density of adults.
Parameterisation
Multivariate analysis revealed that the abundance of crabs of nearly all 8 classes correlated positively with the abundance of large brown shrimps (Fig. 2) . These parameter values were estimated from observations of shore crabs foraging on blue mussels, and the foraging parameters ν and λ (searching efficiency and inverse of handling time) might not be representative for shore crabs foraging on shrimps. Therefore, in our ideal free distribution tests, we additionally explored the effects of a 10-fold decrease and a 10-fold increase in the default value of the searching efficiency ν. We were unable to find estimates of the time that shore crabs need to handle a brown shrimp (λ -1 ). In blue crabs Callinectes sapidus, the average handling time of a white shrimp Litopenaeus setiferus of medium to large size (40 to 90 mm total length) was on average 600 s (Mascaró et al. 2003) . The size ratio of large brown shrimps relative to adult shore crabs is similar to that of white shrimps relative to blue crabs; therefore, we assumed that the time required by a shore crab to handle a brown shrimp is also 600 s. We assumed that a juvenile needs 200 s more to handle a large brown shrimp.
The second prey category for the IFD tests was infauna, which mainly consisted of bivalve prey species. Since the 2-phenotypes interference model was originally parameterised for shore crabs foraging on mussels, we used the default parameter values , λ -1 = 108.5.
Testing ideal free predictions
The first IFD test compared the observed and the predicted distributions of shore crabs. To avoid cycling of individuals between patches, IFDs are best derived for a system consisting of 2 food patches: a rich and a poor patch. The IFD is then one where no individual can achieve a higher feeding rate by moving from one patch to the other. This requires that the distribution of predator type i will be at equilibrium when the per capita feeding rate in the rich (r) patch equals that in the poor (p) patch:
or when all individuals of each predator type are on the rich patch. With respect to the first prey category, we observed that the abundance of large shrimps was high in the gullies and low across the tidal flats (Fig. 5) . Since abundance values did not differ between sampling sites on the 3 tidal flats ( Fig. 5 ; SEs overlap), we assigned the average of those values (531 per 100 m 2 ) to the poor food patch and the average abundance of large shrimps in the gullies was taken as the value for the rich patch (2329 per 100 m 2 ). Similar to Smallegange & van der Meer (2009) , ideal free predictions using Eq. (2) (Supplement 2; www. int-res.com/articles/suppl/m392p143_app.pdf) were derived for the full range of crab densities observed (1 to 64 crabs per 100 m 2 ; numbers divided equally between dominants and subordinates). It turned out that the IFD was always one where all crabs were on the rich patch, regardless of crab density, and regardless of a 10-fold increase or decrease in searching efficiency. We performed the same analysis for the second prey category, infauna. Again, prey abundances could be lumped into 2 categories as abundance values were similar across sampling sites in the gully and at 0 to 100 m from it, and between sampling sites at 600 to 1600 m from the gully (Fig. 5) . The average of the first set of values was assigned to the poor patch, while the average of the second set was assigned to the rich patch. We performed this IFD test separately for each tidal flat as infauna densities differed between tidal flats (Table 3) . The values for the poor patch were 3.8, 2.2 and 5.6 g per 100 m 2 , and 50.6, 13.0 and 6.0 g per 100 m 2 for the rich patch for Ballastplaat, Balgzand, and Waardgronden, respectively. Again, it turned out that the IFD was always one where all crabs were on the rich patch regardless of crab density, except for Waardgronden where a mixed distribution, with both adults and juveniles in both patches, was predicted for crab densities >16 per 100 m 2 . The second test assessed whether the expected per capita feeding rates of crabs were in line with ideal free predictions. An assumption of the 2-phenotypes interference model is that dominant predators only suffer interference from equal (i.e. other dominant) competitors. The ideal free distribution for equal competitors is one where the per capita feeding rate of individuals is equal across different feeding sites (Fretwell & Lucas 1969) . We tested this hypothesis by calculating the expected per capita feeding rate of adult crabs (dominants) in relation to prey density and competitor density on each sampling site using Eq. (1).
In Eq. (1), P is now the number of adults and D is the prey density at the different sampling sites. Expected feeding rates were log-transformed before analysis. With shrimps as prey, the resulting expected per capita feeding rates did not differ between tidal flats (F 2,6 = 3.1, p = 0.12). The effect of distance from the gully was marginally insignificant (F 5,30 = 2.5, p = 0.06) (Fig. 6) .
The interaction between tidal flat and distance from the gully was also insignificant (F 10,30 = 1.2, p = 0.31). A 10-fold decrease in searching efficiency resulted in significant effects of tidal flat (F 2,6 = 6.2 p = 0.04; Balgzand < Ballastplaat = Waardgronden) and distance from the gully (F 5,30 = 9.4, p < 0.01) on expected per capita feeding rates (Fig. 6 ), but the interaction remained insignificant (F 10,30 = 1.9, p = 0.09). A 10-fold increase in searching efficiency resulted in insignificant effects of tidal flat (F 2,6 = 2.7 p = 0.15), distance from the gully (F 5,30 = 2.0, p = 0.12) and interaction between the 2 factors (F 10,30 = 1.2, p = 0.31) on expected per capita feeding rates. With infauna as prey, the resulting expected per capita feeding rates did not differ between tidal flats (F 2,6 = 4.4, p = 0.07). Expected feeding rates increased with increasing distance from the gully (F 5,30 = 5.6, p < 0.01) (Fig. 6) . The interaction between tidal flat and distance from the gully was insignificant (F 10,30 = 0.9, p = 0.51).
DISCUSSION
In this study, we investigated the spatial distribution of shore crabs in relation to their morphology, prey availability and the number of conspecifics in different feeding areas. The number of males and females varied between sampling sites and between mudflats, but overall, more were found in the gully adjacent to each mudflat than on the mudflat. There was one exception to this pattern: at 600 m from the gully on Balgzand, there was a peak in crab abundance. This peak was predominantly due to a peak in the number of juveniles, which occurred abundantly on Balgzand. In contrast to the situation on Ballastplaat and on Waardgronden, the overall abundance of juveniles was much higher than that of adults on Balgzand. Balgzand is a well-known nursery ground for many species (Zijlstra 1972 , van Beek et al. 1989 , van der Veer et al. 2001 and this might explain the high abundance of juveniles on the Balgzand mudflat.
Depending on their moult stage, shore crabs differ in colour and in their tolerance to extreme environmental conditions (McGaw & Naylor 1992 , Reid et al. 1997 ). In our field study, the abundance of green crabs was higher than that of red crabs, and this difference was more pronounced in juveniles than in adults, and, except for Waardgronden, more pronounced in males than in females. Possibly related to their higher physiological tolerance, green crabs show more tidal migration than red crabs (Hunter & Naylor 1993 ), although we did not observe such a pattern (Table 3 : the interactions 'D × C' and 'D × C × TF' were insignificant). Instead, a more complex distribution pattern was observed in which the migratory behaviour of shore crabs of different colours also depended on their sex. Most males were found in the gully adjacent to each mudflat and abundances on the mudflat were generally low. This pattern was the same for green and red males, which refutes the hypothesis that green males show tidal migration to escape competition from the more dominant red males (Styrishave et al. 2004) . Red females showed a similar distribution as males, with relatively high abundance values in the gullies, but low values on the mudflats. We carried out our field study during the mating season. In order to mate, females have to moult (Berrill & Arsenault 1982) , which might explain why red females congregated in areas where the number of males was high (or possibly vice versa) (van der Meeren 1994) . In contrast to the males, however, the abundance of green females in the gullies was similar to that of red females, and was also high at farther distances from the gullies. Males are known to be more migratory than females (Hunter & Naylor 1993 ), but our results suggest that the migratory behaviour of shore crabs depends in an interactive way on the colour and sex of individuals.
This field study revealed that the observed abundances of shore crabs in the gully adjacent to each mudflat and on the mudflats varied with variation in 152 Fig. 6 . Carcinus maenas. Expected feeding rates of adult on shrimps (no. min -1 ; black symbols) (± SE) and on infauna (mg min -1 ; grey symbols) (± SE) as a function of distance from the gully. Shrimp feeding rates were calculated using default values ( m ) and with the searching efficiency ν decreased by 10-fold ( j ) the sex and size of crabs. Using IFD theory, we further explored this pattern to establish if crabs distributed themselves in an optimal way in relation to 2 prey types (brown shrimps and infauna, mainly bivalves) at the different sampling sites and to the number of competitors present. The prey types were distributed in similar ways on each mudflat. It turned out that if crabs predominantly foraged on either of those prey types, they did not distribute themselves optimally as all crabs were predicted to forage in the areas that contained the highest prey abundance. In the case of brown shrimps, the most profitable areas were the gullies, while in the case of infauna, these areas were 600 to 1600 m away from the gullies. Furthermore, the expected feeding rates of adults were higher in these most profitable areas than in other areas, implying that crabs that were not in the most profitable areas could have increased their (expected) feeding rate by moving to the high prey abundance areas. IFD theory adopts a simplified view of reality, and our IFD model does not take differences in crab colour, morphology or sex into account. This might explain why crabs appeared not to behave in an optimal manner, although we could not expect crabs to always behave optimally since they are bound to sample unprofitable parts of the mudflats (Hugie & Grand 1997) .
The mismatch between the predicted optimal distribution and the observed distribution of shore crabs could also be explained by other factors. For example, a crucial assumption of IFD theory is that travelling costs between feeding areas are negligible (Fretwell & Lucas 1969 ). This assumption is likely to have been met for crabs that forage and reside exclusively in the gullies or on the mudflats. Yet, shore crabs that migrate may lose foraging time. They may also lose energy associated with moving, although these costs may be low if crabs are able to use water currents when migrating onto and off the tidal flats. Furthermore, shore crabs prefer to forage at night (Afman 1980 , Ansell et al. 1999 , most likely to avoid predation by birds or other predators that rely on vision for hunting (Dumas & Witman 1993) . If high tide occurs at night, the food intake of shore crabs foraging on the mudflats is indeed at its highest (Afman 1980) . However, it is not known whether shore crabs reside in the gullies merely to reduce the risk of predation during the day, or whether they also forage for prey, such as brown shrimps, in the gullies (Afman 1980) . It might even be that the brown shrimps themselves reduce that same predation risk by residing in the gullies during the day, and that both crustacean species might migrate onto the mudflats to forage at night. Another factor affecting the distribution of shore crabs (at least those crabs that are <12 mm CW) is cannibalism (Moksnes 2004) . To what extent avoiding the risk of predation by adults might have motivated the juveniles (10 to 35 mm CW) in our samples to move from the gullies onto the tidal flats, or to stay on the tidal flats during low tide, is not known. However, reducing the risk of predation by conspecifics is a likely explanation for the general observation of different habitats for juvenile and adult shore crabs (Hunter & Naylor 1993) .
Despite the shortcomings of the IFD exercise, there are still several lessons to be learned from it. Firstly, 2 distinct foraging areas seemed to exist for shore crabs: gullies with shrimps as prey and mudflats with bivalves as prey. An IFD model incorporating food patches characterised by different prey types would therefore be more suitable for future efforts testing predictions on the optimal foraging behaviour of shore crabs. Secondly, half of the total number of crabs caught was collected in the gullies where the abundance of large brown shrimps was also highest. This pattern was captured by the RDA analysis, where we found a positive correlation between the abundance of crabs and that of large shrimps. A species related to the shore crab, the blue crab Callinectes sapidus, prefers larger shrimps to smaller ones and even consumes shrimps of a larger body size than its own (Mascaró et al. 2003 ). We are not aware of studies that have investigated to what extent shore crabs prefer brown shrimps over other prey species, or what shrimp size shore crabs prefer, but brown shrimps make up a large part (up to 50%) of the shore crab's diet (Afman 1980 , Pihl 1985 . This suggests that shore crabs might reside in the gullies to forage on this profitable prey species. Current studies on predation by shore crabs have mostly focussed on the predation pressure they exert on bivalve species (Eggleston et al. 1992 , Mascaró & Seed 2000 , Mistri 2003 . The role that shore crabs might play in the population dynamics of shrimps and vice versa remains to be explored.
In summary, a superficial look at the results showed a high congregation of crabs in the gullies, where the abundance of brown shrimps (a dominant prey species of shore crabs) was also high. A more detailed investigation revealed that the spatial distribution of crabs between the gullies and the mudflats depended in an interactive way on the colour morph and sex of individuals. These factors were not included in the IFD model, and neither were food patches in the IFD model characterised by different prey types, which could possibly explain the mismatch between the observed and the predicted distributions. Future research focussed on testing the optimal foraging behaviour of shore crabs should therefore include these factors, as well as test the foraging preference of shore crabs on shrimps versus bivalve prey species. Field experiments on patch choice using exclosures could elucidate the role of predation in the foraging decisions of shore crabs. 
